On the basis of in vitro and in vivo investigations trans-resveratrol (RV) is a natural, concentration-dependent formaldehyde (HCHO) mobilizer, scavenger, capture and carrier molecule. The capturing and mobilization of HCHO from a given biological unit (e.g. tissue) with RV (first step) generates a chemopreventive effect. The reaction products between endogenous HCHO and RV (second step) may exert killing/inhibiting effects on pathogens and/or cancer cells. These two steps result in the double effect of RV. From the model reaction mixture of RV and HCHO in diluted formalin solution, different reaction products were detected, separated and identified. Similar reactions can be observed between RV and endogenous HCHO in plant and animal tissues as well. Capturing the HCHO molecules in model experiments with HCHO-capture molecules (in vitro conditions) the antibacterial activity of RV decreased substantially. The in vitro investigations were extended to in vivo conditions. The discovery of a quadruple immune response of plants to pathogens resulting from pretreatment with RV opens new horizons in the confirmation of the diverse beneficial effects of RV.
Multiple lines of evidence from epidemiological studies suggested that moderate red wine consumption might explain the lower incidence of cardiovascular disease in the French population (mainly in the south of France), despite the high consumption of saturated fat (the 'French paradox') [1] . In fact, the incidence of heart infarction in France is about 40% lower than in the rest of Europe. Because of these first observations attention was shifted to the beneficial components of red wine. It was established after a relatively short time that the main ingredient was trans-resveratrol (RV). This molecule was first isolated in l940 from the roots of white hellebore (Veratrum grandiflorum O. Loes) and has since been found in a wide variety of plants [2] . RV is a polyphenol and has been classified as a phytoalexin (plant antibiotic) for being synthesized in spermatophytes in response to injury, UV irradiation, and microbial attack [3] . RV was first detected in grapevines (Vitis vinifera) in l976 [2] and then in wine in 1992 [4a] . After these publications there was a characteristic explosion of interest in the different biological effects of this natural phytoalexin and partially of its related compounds [4b,4c,5a] .
The presence of the double bond facilitates the trans-and cis-isomeric forms of RV [E´-and Ż´-diastereomers, respectively] (Figure 1 ), but the trans-isomer is sterically the more stable form [5b] and its occurrence, for example in grapevines, is always dominant. The formation of cis-RV from trans-RV takes place during, for example, exposure to UV irradiation [5c], or photoisomeric conversion [5d]. According to further epidemiological, clinical, chemical and biochemical studies the beneficial effects of red wine include defense against ischemic-reperfusion injury, promotion of vasorelaxation, protection and maintenance of intact endothelium, anti-atherosclerotic properties, an increase in high-density lipoprotein (HDL) cholesterol levels, inhibition of low-density lipoprotein (LDL) oxidation, estrogen-like actions and suppression of platelet aggregation [6] .
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Besides its cardioprotective effects, RV especially demonstrates characteristic anticancer properties. The chemopreventive activity of RV was first reported in an excellent paper [7a] in which the compound was shown to be effective in all three major stages (initiation, promotion, progression) of carcinogenesis. RV significantly reduced the number of tumors per mouse in a two-stage skin carcinogenesis model [7b] . RV, as a typical dietary chemopreventive agent, influences and modulates diverse biochemical processes involved in carcinogenesis. These are as follows: inhibition of carcinogen activation, cellular proliferation and tumor promotion, blockade of tumor cell cycle progression, stimulation of carcinogen deactivation and induction of programmed cell death [7b] . Some studies have reported that RV generates a biphasic behavior with respect to its antiproliferative effects [7c]. It is clear from the rapidly increasing number of publications that RV has great potential for the prevention and therapy of a wide variety of tumors. RV produces antiproliferative effects through induction of apoptosis in cell lines of various origins, such as leukemia, and breast, prostate, colon, pancreas, head and neck carcinomas [8] . Furthermore, RV generates neuroprotective effects. Neural dysfunction and metabolic imbalances underlie different progressive neurodegenerative maladies, as in Alzheimer's, Huntington's and Parkinson's diseases {summarized, for example, by Saiko et al. [9] }.
Numerous working groups have examined the metabolism, plasma kinetics, tissue distribution and clearance of RV. The examination of the kinetics of trans-and cis-RV showed a significant cardiac bioavailability and strong affinity for liver and kidneys [10] . Pharmacokinetic studies revealed that the real target organs of RV are liver and kidneys, where it is concentrated, after absorption, and mainly converted to a sulfated form and a glucuronide conjugate. The glucuronidation was regioselective and stereoselective [11] . It is interesting that the sulfation of RV is blocked by quercetin, -among others -a wine ingredient flavonoid, suggesting that special compounds present in the diet may inhibit the sulfation (or glucuronidation) of RV, thus improving its bioavailability [12] . It is obvious that in this important field of RV metabolism further studies are needed to determine whether the metabolites represent inactivated forms of RV, act as a pool from which free RV can be formed (released) in various tissues, or are themselves active in in vivo conditions. Numerous papers suggest that RV exerts diverse chemopreventive activities. Suppression of mutagenesis by RV is an excellent example of this. RV can act as an antimutagenic/anticarcinogenic agent by preventing oxidative DNA damage, which plays a pivotel role in the carcinogenic effect of many genotoxic agents [13] . RV attenuates the mutagenicity of some heterocyclic aromatic amines [14a] . It is especially interesting that RV in the presence of copper ions can induce, for example, strand breakage in DNA [13] .
RV generates characteristic effects on human immune cell functions. A low dose of RV enhanced the cell-mediate immune response. Promotion of Th1 cytokine production and influencing macrophage function might be the mechanisms [14b]. Another study indicated that RV modulates several human immune cell functions and suggests that this activity may be related to its effects on cytokine production by both CD4+ and CD8+ T cells [14c]. Among the dietary polyphenols RV is a promising agent for the prevention of cardiovascular diseases and control of glucose homeostasis [14d].
Finally, RV exerts a wide variety of antimicrobial effects and the number of publications in this field is more and more increasing. The compound is known as a grapevine secondary metabolite with fungicidal activity. RV treatment controls microbial flora, prolongs shelf life and preserves nutritional quality of fruit [15] . RV strongly inhibited the replication of influenza virus in MDCK cells [16] . A review summarizes the current knowledge of the activity of RV against infection and describes the possible molecular pathways through which RV exerts its antiviral activity [17] . This massive amount of information generated by scientists around the world requires a correct explanation. In our work we show a totally new approach to the mechanism of action of RV.
After the discovery of the 'French paradox' more and more publications dealt with the most diverse beneficial effects of RV. On the internet (e.g. PubMed), more than 3700 papers can be found to date in connection with RV, but it is difficult to follow closely the new results and explain them. However, we observed earlier [18a,18b] that the beneficial effects of RV can be divided approximately into two main groups (examples for the illustration of the two groups of diverse biological effects of RV are shown in Table 1 ).
In the case of group A, on the basis of our original idea [18a,18b] , RV deprives (decreases) something from the tissue or organ and this causes a beneficial effect. This deprivation involves a chemical reaction in which new RV derivatives can be formed and these new molecules are responsible for the killing/inhibiting effect (group B).
Group C is a transition stage between groups A and B. It is supposed that, for example, in the case of anticarcinogenic activity, at the initiation stage a chemopreventive activity is involved, but later the killing activity dominates, but both effects may play a role.
However, we do not know the mechanism of the most diverse beneficial activities of RV with special emphasis on the two main groups of its activities as protectivechemopreventive and killing-inhibiting effect. RV has Beneficial effects of resveratrol Natural Product Communications Vol. 6 (5) 2011 633 antioxidant properties [23d], but this does not explain, for example, either the selective antileukemic effect of RV [23c], or its beneficial effect in the three main stages of chemical carcinogenesis [7a] . It has been demonstrated that deposition of lipids in atherosclerotic plaques is independent of lipid oxidation and that the chemoprotective action of red wine polyphenols is independent of any antioxidant effect of these compounds [24] . It follows from the diverse beneficial properties of RV described above that it is really 'a dirty' molecule [9] for medical practice and the pharmaceutical industry. The results with RV suggest that there is a possibility for using chemopreventive agents to kill pathogens and cancer cells, but we do not know how. The metabolism of RV plays a very important role in its activity because it is a very reactive molecule and so generates different chemical reactions in vivo. The cytotoxic and antiviral activities of RV and its metabolites (glucuronides) were compared in cell culture experiments using human peripherial blood mononuclear cells [25] . Whereas RV was cytotoxic at > or = 30 microM, no cytotoxicity was observed for the glucuronides at concentrations as high as 300 microM. In another experiment, RV sulfates displayed antiproliferative activity and negligible uptake in MCF7 cells. Only two of five RV sulfate metabolites exerted partial activities known to be mediated by RV [26] . It is understandable that in this situation the idea has been proposed that the metabolites might be the active principles. It follows from experimental results [25, 26] that these conceptions are unrealistic.
The explanation for the most diverse beneficial effects of RV demands a unique, general mechanism of action of the compound. The results of the classification of beneficial activities of RV, its dose-dependent activity [7c], the parallel accumulation of RV and formaldehyde (HCHO) in parts of berries [27] , as well as our previous observations gave us an impetus for studying interactions between RV and HCHO in model reactions and in biological samples, mainly in the BioArena system [28] , as well as in in vivo conditions. Table 2 illustrates our original idea on the double effect of RV. The elimination or decrease of uncontrolled HCHO molecules from labile bonds of a given tissue (e.g. heart or brain) with RV (first step) might have a chemopreventive effect and the products of reaction between RV and endogenous HCHO might show a killing/inhibiting effect against pathogens and cancer cells.
HCHO is an endogenous component of all biological systems [29a,29b] , mainly in the form of hydroxymethyl groups. It can be detected and measured in different biological samples using different chromatographic and spectroscopic techniques. Figure 2 illustrates the amount of HCHO (as the dimedone adduct) detected and measured in pig heart tissue in the presence of increasing concentrations of dimedone. It becomes increasingly evident that there is a primary HCHO cycle (Figure 3 ) in biological systems in which formation of the S-methyl group of L-methionine from HCHO and the HCHO-yielding 
Chemoprevention
Killing/inhibiting effect By use of efficient separation techniques the identification and measurement of HCHO has been established in plants, plant-like organisms and a large part of the biological world in general [30c,30d]. According to more recent observations, cancer tissues directly secrete endogenous HCHO and this, at low concentration, induces metastatic bone cancer pain through TRPV1 activation. This process is especially active in acidic tumor environments [31] . Furthermore, HCHO levels were significantly increased in the autopsy hippocampus from Alzheimer's patients. Cognitive impairments of senile dementia are also probable related to endogenous HCHO levels [32] .
The functions of endogenous bound HCHO are not known exactly. Are its metabolic (endogenous) pathways influenced by, for example, food constituents? RV as a stilbene derivative has an α,β-double bond and three phenolic hydroxyl groups which generate an electron withdrawal effect, and thus RV can be a natural HCHO capture compound [29a,29b] and a HCHO scavenger molecule in biological systems [30d,31] .
From model reaction experiments, Figure 5 shows an OPLC separation of reaction products between RV and diluted formalin solution, as well as pig heart tissue, which also contains HCHO as a biological system (see Figure 2 ). Figure 6 shows the MALDI-MS of the reaction mixture of RV and diluted formalin solution. Using a TLC separation method we isolated a special substance from the reaction mixture of RV and diluted formalin solution, the mass spectrum of which has a characteristic m/z value of 276.31. This corresponds to 7-hydroxymethyl-8-hydroxyresveratrol and 7-hydroxy-8-hydroxymethyl-resveratrol, respectively (these are trivial names of the two isomers). Another characteristic peak in the mass spectrum at m/z 240.61 relates to a potential biological activity of RV. Figure 7 illustrates the MALDI-MS of the purified molecule with a major peak at m/z 276.6. The formation of this compound (isomers) in the interaction between RV and diluted formalin depends on the concentration of HCHO in the reaction mixture (Figure 8 ).
It is obvious that this relationship is probably valid for the interaction in the biological system as well. Figure 9 illustrates one putative mechanism of reaction between RV and HCHO. It can be seen that there is a possibility for the formation of two isomers of the reaction product. These results support our original idea that RV and HCHO really can interact and different reaction products can be formed. Similar results are observed with the other stilbenoids (data not shown).
The BioArena system, the first basic further development of direct bioautography, can be used to exploit the potential of bioautography [30b]. It integrates the advantages of layer liquid chromatography (ideally, variants of linear OPLC [33a]) with basic direct bioautography and visual and spectroscopic evaluation of spots before and after inoculation. This integration utilizes the unlimited possibilities of interactions between microbes and small and large co-factor molecules in the spots on the adsorbent layer after chromatographic separation. A similar experiment to that above was conducted with RV using indigo carmine for O 3 capture from the bacterial cells in suspension culture medium. It was clearly seen that RV generated a characteristic antibiotic effect, but the different doses of indigo carmine did not change this effect of RV (the size of the spots did not alter). Thus RV does not induce the generation of H 2 O 2 and related compounds. This may be one cause of the practically non-toxic character of RV.
On the basis of the experience gained in the in vitro studies of RV as a potential HCHO mobilizer, and capture, carrier, and scavenger molecule, a logical step was to use RV for the pre-treatment of plants against pathogens in the total Avogadro range under in vivo conditions (i.e. from 10 -1 to 10 -23 mol L -1 ) [34d, 35] . In the four day interval between pre-treatment with different aqueous decimal dilutions of RV and inoculation of the bean-Uromyces relationship there was a characteristic time-and dose-dependent quadruple immune response of plants to the pathogen ( Figure 10 ).
It is especially interesting and an important observation in connection with the use of RV as an inducer that the immunostimulating effect with the smallest dose of RV (10 -20 mol L -1 ; 4th. range) was the same as that of the highest active dose (10 -5 mol L -1 ; 1st range), similar to earlier observations with other compounds [36a] . It follows from these results that RV as an inducer does not participate directly in the induction of the immunostimulative effect and it can be supposed that there is a special receptor system accountable for the quadruple immune response of plants to pathogens.
It is supposed that HCHO and its reaction products are responsible for the immunostimulating activity of RV [36b]. By capturing these small molecules (for example, HCHO) under in vivo conditions using, for example, cysteamine as a HCHO capture molecule, the immunostimulating activity (four active ranges of the quadruple immune response) of RV could be eliminated ( 636 Natural Product Communications Vol. 6 (5) 2011
Tyihák et al. In conclusion we can say that on the basis of in vitro (chemical model experiments and BioArena investigations) and in vivo (quadruple immune response of plants to pathogens) investigations, trans-resveratrol (RV) is a natural, concentration dependent HCHO capture compound, mobilizer, scavenger and carrier molecule. Extension of the results of in vitro investigations to in vivo conditions resulted in very interesting and important results, which have to be taken into account in future studies of RV. It seems that HCHO and its reaction products are responsible for the multiple beneficial biological activities of RV. It is obvious that the observations on the quadruple immune response in plants exploiting the effect of RV pre-treatment can be extended to animal and human systems as well. Therefore, the study of the formaldehydome system and the HCHO cycle will help better understanding of the potential of the double effect of RV and other key molecules. 
